Introduction {#sec1}
============

Ion channels form one of the largest families of signaling proteins in the genome^[@ref1],[@ref2]^ and are central to the generation and propagation of bioelectrical signals in the brain, heart, and nervous system.^[@ref3]^ Decades of detailed biophysical studies have provided a deep understanding of the core functional mechanisms of many ion channel classes.^[@ref3]−[@ref5]^ Nevertheless, despite this rich molecular understanding of functional mechanisms, the development of specific ion channel modulators has lagged and most ion channels lack specific agents that can be used to control function either in vivo or in model systems.^[@ref1]^ This situation underscores the need to develop new molecular entities that can alter channel function as well as new methods for discovering such molecules.^[@ref1],[@ref4]^

Screening of small molecule libraries^[@ref1],[@ref6],[@ref7]^ and natural peptide toxins^[@ref8]−[@ref10]^ has provided pathways for discovering novel ion channel regulators, but both approaches remain technically challenging. Combined mutagenesis and selection strategies using a variety of protein scaffolds have been instrumental in developing novel and specific protein based reagents involving a broad range of soluble proteins and domains.^[@ref11],[@ref12]^ The use of interaction-based strategies for protein-based modulator development, such as phage display coupled with affinity selection, although demonstrated to work for channels,^[@ref13]^ remains challenging due to difficulties in obtaining suitable quantities of target material. Hence, despite the great power of selection approaches, such strategies have not yet been widely applied to ion channels^[@ref14]^ and there remains a need to develop new strategies to identify and evolve protein-based modulators of channel function.

Functional complementation of potassium transport deficient *Saccharomyces cerevisiae* strains lacking the Trk1p and Trk2p transporters, such as SGY1528,^[@ref15],[@ref16]^ has been a fruitful system for the study of a variety of eukaryotic^[@ref17]−[@ref20]^ and bacterial^[@ref21]^ potassium channels and the characterization of channel interactions with chemical modifiers.^[@ref22]−[@ref24]^ Here, we use this system to develop a function-based selection that incorporates the basic principles of protein-based selections to search for a protein-based activator of the G-protein coupled inward rectifier, Kir3.2 (GIRK2).^[@ref25]^ Kir3 channels are a subfamily of inward rectifiers that are deeply involved in cardiovascular, sensory biology, and reward pathways.^[@ref26]^ This channel family has been proposed as an excellent target for development of new compounds aimed at control of cellular excitability.^[@ref27],[@ref28]^ By directly coupling library search to function, rather that just binding, we identified a protein A based scaffold termed N5 that activates the channel by affecting its trafficking properties. These results highlight the power of function-based selections for discovering ion channel modulators and emphasize that perturbing properties such as membrane expression may be as powerful for controlling channel function as directly targeting the biophysical mechanisms of gating.

Results {#sec2}
=======

Rescue of Potassium Transport-Deficient Yeast Identifies a Novel Protein Activator of Mammalian Kir3.2 (GIRK2) {#sec2.1}
--------------------------------------------------------------------------------------------------------------

We set out to test whether we could use a potassium transport deficient yeast strain, SGY1528 *trk1*Δ*trk2*Δ,^[@ref29]^ as a platform for selecting protein-based activators of the mammalian inwardly rectifying potassium channel Kir3.2 (GIRK2).^[@ref25]^ Growth of SGY1528 *trk1*Δ*trk2*Δ under limiting potassium concentrations can be rescued by ectopic expression of a variety of functional potassium channels, making this strain a fruitful system for investigating the properties of a wide range of potassium channel types.^[@ref15]−[@ref20],[@ref22]−[@ref24],[@ref30],[@ref31]^ Kir3 channels are usually gated by the interaction of G~βγ~ subunits with the channel intracellular domains.^[@ref32]−[@ref34]^ Previous studies demonstrated that different Kir3 family members were incapable of rescuing SGY1528 *trk1*Δ*trk2*Δ growth but that incorporation of Kir3 activating mutations could rescue the yeast under low potassium conditions.^[@ref19],[@ref20]^ Hence, we reasoned that it should be possible to devise a selection scheme to identify exogenous Kir3 activators by looking for a gain-of-function (GOF) effect under low potassium conditions similar to the strategy used to identify activating mutations of Kir3^[@ref19],[@ref20]^ and other potassium channels^[@ref14],[@ref16]^

The chance of finding a high affinity activator from a random library is low and compounded by the folding penalties incurred for initial leads.^[@ref35]^ Therefore, we devised a set of strategies to increase the effective concentration^[@ref36]^ of the potential activator and to preorganize the candidate peptides (Figure [1](#fig1){ref-type="fig"}A). We tested three types of libraries, all of which were tethered to either the Kir3.2 N- or C-terminal cytoplasmic domain by a 13-residue linker (AAAGGSGGSGGSG) to raise the effective concentration relative to the channel. One library type was a simple random 15-mer. We designed a second library in which the random peptide was constrained at both ends because addition of such conformational constraints, which are often included as cysteine pairs that can form a disulfide bond,^[@ref35],[@ref37]−[@ref39]^ can aid in identifying active molecules from random libraries as such constraints lower conformational entropy penalties. Because the intracellular nature of the library and reducing environment of the cytoplasm precluded use of a disulfide constraint, we used the small, well-folded protein Z (pZ), the immunoglobulin-binding domain of the protein A from *Staphylococcus aureus*,^[@ref40]^ as "molecular staple" to constrain a 15 residue library inserted at position Pro22 in the loop between the first two helices of pZ. Finally, in a third library format, we used a "surface remodeling" strategy^[@ref41]−[@ref44]^ and randomly mutagenized 13 surface residues from Helix 1 and 2 of pZ.

![(A) Schematic showing the library display strategy used for identifying Kir3.2 activators. (left) Representations of the random peptide, random peptide (green) constrained by pZ (ribbons), and a pZ surface display library (magenta positions on blue ribbon diagram) were linked to the N- or C-terminal cytoplasmic ends of Kir3.2. (right) Cartoon showing a single Kir3.2 subunit bearing a representative of the N- or C-terminal pZ surface library. (B) Potassium transport complementation assay shows the ability of N5-Kir3.2 to restore growth of the *trk1*Δ*trk2*Δ yeast on limiting potassium conditions (1 mM KCl). (C) Sequence alignment of pZ and N5. pZ helical segments are shown in large type. Positions randomized in the pZ surface library and the N5 residues at the randomized positions are shown in blue and orange for Helix 1 and Helix 2, respectively. (D) Exemplar two-electrode voltage clamp recordings from *Xenopus* oocytes injected with 3 ng of cRNA for Kir3.2, N5-Kir3.2, and pZ-Kir3.2. Lower right panel shows voltage protocol used for recordings. Currents were evoked by 1 s long step protocol from −110 to 40 mV, in 10 mV increments from a holding potential of 0 mV in 90K. (E) Exemplar current--voltage plots for the indicated constructs recorded in 90K with or without 5 mM BaCl~2~. (F) Quantification the effects of pZ and N5 on activity of Kir3.2, Kir3.1, Kv7.2, and TRPM8 currents. Kir3.2 were evoked as in (D) and measured at −80 mV. Kv7.2 currents were evoked by 2.5 s long step protocol from −110 to 40 mV in 10 mV increments from a holding potential of −80 mV and measured at +30 mV at 2.4 s. TRPM8 currents were evoked in the presence of 250 μM menthol by a 900 ms long ramp from −110 to 40 mV, from a holding potential of −60 mV, and measured at 30 mV. Data shown as mean ± standard error of the mean (SEM) *n* ≥ 6). "nd" indicates not determined.](cn-2014-000698_0002){#fig1}

We screened these six libraries to identify candidates that could rescue the SGY1528 potassium transport deficiency under both 1.0 and 0.5 mM potassium conditions and identified ∼50 positive clones that were authentic rescues in yeast (e.g., Figure [1](#fig1){ref-type="fig"}B). Electrophysiological examination of these candidates by two-electrode voltage clamp in *Xenopus* oocytes identified a clone from the pZ surface library, N5 (for Library N, clone 5), in which all 13 surface residues were changed in the parent protein pZ (Figure [1](#fig1){ref-type="fig"}C), that had potent effects on both yeast rescue (Figure [1](#fig1){ref-type="fig"}B) and channel function (Figure [1](#fig1){ref-type="fig"}D and E). Kir3.2 bearing the N5 protein showed robust, barium sensitive, inwardly rectifying currents that contrasted greatly with both wild-type Kir3.2 and Kir3.2 bearing an N-terminal pZ (Figure [1](#fig1){ref-type="fig"}D and E). These data suggest that N5 activates Kir3.2. Although the effect of N5 on Kir3.2 was substantial, N5 had no effect on the related GIRK Kir3.1^[@ref45]^ (Figure [1](#fig1){ref-type="fig"}F). Further tests in which we tethered N5 to the voltage-gated potassium channel Kv7.2 (KCNQ2)^[@ref46]^ or the cold sensitive TRP channel TRPM8^[@ref47],[@ref48]^ showed no difference from controls bearing pZ tethered using the identical linkage (Figure [1](#fig1){ref-type="fig"}F) and indicate that the effects of N5 are specific to Kir3.2.

Functional Studies Show That N5 Inhibits Kir3.2 Plasma Membrane Clearance {#sec2.2}
-------------------------------------------------------------------------

To gain insight into how N5 stimulates Kir3.2 currents, we used a variety of approaches to investigate the possible mechanisms of N5 action. We first probed whether N5 acted directly as a G~βγ~-like activator to affect the biophysical properties of the channel by testing whether N5 bearing channels had altered responses to channel activation by G-protein stimulation by G~βγ~. Coexpression of N5-Kir3.2 with the M2 muscarinic G-protein coupled receptor (mAChR) in *Xenopus* oocytes produced robust carbachol activated currents (Figure [2](#fig2){ref-type="fig"}A and B) that were similar to wild-type when both channels were compared at similar current levels. These data suggest that N5 does not preclude channel activation by G~βγ~ as might be expected if N5 acted as a G~βγ~ mimic. Investigation at the level of single channel behavior further supported this idea, as we failed to find any difference from wild-type channels in apparent open probability or in the single channel conductance of N5-Kir3.2 (Figure S1, [Supporting Information](#notes-3){ref-type="notes"}). Together, these data indicate that N5 is not a G~βγ~ mimic, does not fundamentally change the biophysical properties of the channel and, hence, must work by some other mechanism.

![Exemplar recordings (A) and quantification (B) of the effect of 3 μM carbachol on N5-Kir3.2 activity in *Xenopus* oocytes coinjected with 5 ng of mAChR. Data in (B) are mean ± SD (*n* ≥ 6). (C) Quantification of surface expression of HA-tagged Kir3.2 and N5-Kir3.2 as a function of injected cRNA. Data are mean ± SEM (*n* ≥ 6). Inset depicts cartoons of a single subunit of the HA-tagged Kir3.2 and N5-Kir3.2 constructs. (D) Immunoblot analysis of total lysates from oocytes injected with different amounts of cRNA. (E) Quantification of surface expression of N5-Kir3.2-HA in the presence of 15 μM brefeldin A (BFA). Surface fluorescence (SF) measurements (mean ± SEM, *n* ≥ 6) were normalized to the initial fluorescence values and fitted to the single exponential decay equation: SF = (1 -- SF~plateau~) exp(−*Kt*) + SF~plateau~, where *t* is the time in h, SF~plateau~ is the minimal fluorescence, and *K* is the decay constant.](cn-2014-000698_0003){#fig2}

In comparing G~βγ~ responses in oocytes, we noticed that N5-tethered Kir3.2 channels displayed a greatly reduced response to G~βγ~ stimulation when basal currents were larger than ∼1 μA at −80 mV in symmetrical potassium conditions. This effect became more prominent at basal current levels \>2 μA (Figure S2, [Supporting Information](#notes-3){ref-type="notes"}). The reduced responses for Kir3.2 were similar to previous reports.^[@ref49],[@ref50]^ Notably, we were unable to attain basal current levels \> ∼ 1 μA with wild-type Kir3.2, even with increasing amounts of injected cRNA (Figure S2C, [Supporting Information](#notes-3){ref-type="notes"}). The relative ease of obtaining high basal current levels with N5-Kir3.2 led us to consider that N5 might act by affecting Kir3.2 trafficking and channel number at the plasma membrane.

To be able to quantify the effect of N5 on cell surface expression levels, we inserted a hemagglutinin (HA) tag between residues Ile126 and Glu127 in the extracellular loop between the M1 transmembrane segment and the pore helix and used cell surface luminescence assay^[@ref51],[@ref52]^ to quantify cell surface expression levels. Inclusion of the HA tag did not perturb the ability of N5 to stimulate Kir3.2 basal current levels (Figure S3, [Supporting Information](#notes-3){ref-type="notes"}). Quantification of the amount of channels on the cell surface as a function of injected cRNA revealed that N5 caused a 9-fold increase in the amount of N5-Kir3.2-HA at the cell surface relative to wild type Kir3.2-HA when 1 μg of cRNA was injected for each construct, and a 4-fold increase with 6 μg of cRNA (Figure [2](#fig2){ref-type="fig"}C). Immunoblot analysis of whole oocyte lysates demonstrated that the increase in the surface expression was not a consequence of changes in overall protein expression levels (Figure [2](#fig2){ref-type="fig"}D). Thus, N5 appears to act by promoting channel surface expression.

In principle, the abundance of a particular protein at the plasma membrane results from a balance between forward and reverse trafficking.^[@ref4],[@ref53],[@ref54]^ To investigate further the possible influences of N5 on trafficking, we compared the effect of application of brefeldin A (BFA), an inhibitor of forward trafficking,^[@ref55]^ on the clearance of HA tagged Kir3.2 and N5-Kir3.2 from the oocyte plasma membrane. Continuous treatment of oocytes with BFA resulted in the nearly complete loss of Kir3.2-HA after 8 h due to internalization and recycling. In stark contrast, N5-Kir3.2-HA was much less affected by BFA treatment. Almost 50% of the initial N5-Kir3.2-HA remained on the plasma membrane after 23 h in BFA (Figure [2](#fig2){ref-type="fig"}E), a condition in which essentially all of the Kir3.2-HA signal was lost. Taken together, these data suggest that, rather than act as a G~βγ~ mimic, N5 stimulates channel basal activity by enhancing surface expression through a mechanism that involves inhibiting clearance of the channel from the plasma membrane.

N5 Contains Multiple Molecular Determinants Essential for Its Activity {#sec2.3}
----------------------------------------------------------------------

We next set out to determine whether there were specific characteristics of N5 or its position relative to the channel that were necessary for function. Because the idea behind the surface display library that generated N5 was to exploit a folded scaffold and yield a protein that retained folded structure, we first asked whether the extensive mutational changes perturbed the structure of the pZ scaffold. To this end, we expressed N5 and pZ in *Escherichia coli*, purified them (Figure [3](#fig3){ref-type="fig"}A), and compared their structural properties by circular dichroism (CD). As expected, the pZ CD spectrum displays the characteristic hallmarks of a predominantly helical protein, having pronounced minima at 208 and 222 nm (Figure [3](#fig3){ref-type="fig"}B).^[@ref56]^ The N5 CD spectrum also had characteristics of helical content, but at a substantially reduced intensity relative to pZ (Figure [3](#fig3){ref-type="fig"}B). Thermal denaturation monitored by following the CD signal at 222 nm showed that both pZ and N5 undergo a cooperative loss of secondary structure, the hallmark of a folded protein^[@ref57]^ (Figure [3](#fig3){ref-type="fig"}C). However, N5 has a substantially lower apparent melting temperature (*T*~m~) than pZ, 30 and 77 °C, respectively. Taken together, these data indicate that, despite the extensive changes in sequence, N5 retained the α-helical structure and the folded nature of the parent pZ.

![(A) Coomassie-stained SDS-PAGE of purified recombinant pZ and N5. (B) Comparison of pZ and N5 CD spectra at 4 °C. (C) Thermal denaturation of pZ and N5, monitored by CD at 222 nm. CD data were measured in a buffer of 150 mM KCl, 4 mM β-mercaptoethanol, 10 mM phosphate, pH 7.4.](cn-2014-000698_0004){#fig3}

We next used alanine scanning mutagenesis to ask whether any of amino acids at the 13 randomized sites that resulted in the N5 sequence were required for the ability of N5 to stimulate Kir3.2 basal currents and surface expression. Alanine mutations in the seven altered residues of the putative N5 Helix 1 (E11A, R12A, G13A, D15A, L16A, A19A, D20A) failed to affect the ability of N5 to simulate Kir3.2 activity (Figure [4](#fig4){ref-type="fig"}A). In contrast, alanine substitution in five of the six sites in the putative N5 Helix 2 (Y26A, W29A, H30A, C34A, W37A) dramatically reduced the effects on both channel activity and surface expression (Figure [4](#fig4){ref-type="fig"}A and B). Notably, the loss of stimulation of basal activity and reduced surface expression were not correlated with changes in total channel expression levels (Figure [4](#fig4){ref-type="fig"}C). Hence, these data indicate that there are specific features of N5 responsible for its ability to enhance Kir3.2 function and surface expression and that these elements reside in the putative Helix 2 based on the pZ fold.

![Quantification of activity (A) , and surface expression (B) of N5-Kir3.2 mutants measured in *Xenopus* oocytes injected with 3 ng of cRNA of each construct. Currents were evoked by a 1 s long step protocol from −110 to 40 mV, in 10 mV increments, from a holding potential of 0 mV in 90K. Surface expression was measured by labeling of the surface of the oocytes with an α-HA antibody. Helix 1 and Helix 2 are indicated by blue and orange, respectively. Data are mean ± SEM (*n* ≥ 6). (C) Immunoblot analysis of total lysates from oocytes injected with 3 ng of cRNA of each of the indicated constructs.](cn-2014-000698_0005){#fig4}

Because N5 appears to retain some of the folded characteristics of the parent pZ, we next tested whether changes that would disrupt tertiary structure integrity would affect the ability of N5 to stimulate channel function. Deletion of either the Helix 1 (ΔH1) or Helix 3 (ΔH3) element (Figure [5](#fig5){ref-type="fig"}A) caused a loss of the ability of N5 to stimulate Kir3.2-HA basal current (Figure [5](#fig5){ref-type="fig"}B) and surface expression (Figure [5](#fig5){ref-type="fig"}C). Similarly, disruption of the turn between H2 and H3 (residues D39-P40-S41) with a triple alanine replacement (H2aaaH3) (Figure [5](#fig5){ref-type="fig"}A) also resulted a loss of N5 function with respect to its ability to enhance Kir3.2-HA activity and surface expression (Figure [5](#fig5){ref-type="fig"}B and C). These losses of function were equivalent to those seen in the alanine scan of the H2 positions (cf. Y26A) (Figure [5](#fig5){ref-type="fig"}B and C). None of these changes resulted in loss of protein or degradation of the N5 and linker regions (Figure [5](#fig5){ref-type="fig"}D). Taken together with the biophysical studies of purified N5, these data support the idea that structural integrity of N5 is essential to its ability to stimulate Kir3.2 activity and surface expression. These results demonstrate the utility of using the surface remodeling approach to derive proteins having new function.

![(A) Sequence alignment of wild-type and mutant N5 proteins. Quantification of activity (B) and surface expression (C) of indicated N5-Kir3.2 and mutants measured in *Xenopus* oocytes injected with 3 ng of cRNA of each construct. Currents were evoked by a 1 s long step protocol from −110 to 40 mV, in 10 mV increments, from a holding potential of 0 mV in 90K. Surface expression was measured by labeling of the surface of the oocytes with an α-HA antibody. Data are shown as mean ± SEM (*n* ≥ 6). (D) Immunoblot analysis of total lysates from oocytes injected with 3 ng of cRNA for the indicated constructs.](cn-2014-000698_0006){#fig5}

N5 Activity Depends on Linker Length {#sec2.4}
------------------------------------

As the other constraint in our library design strategy was covalent tethering to the channel, we next tested whether the linker length made an important contribution to N5 function. To test this parameter, we created a series of constructs that increased the linker length of the flexible tether connecting N5 to the Kir3.2 N-terminus in increments of 15 or 30 residues in the background of the HA-tagged N5-Kir3.2 fusion. Functional tests revealed that the ability of N5 to stimulate Kir3.2 basal currents diminished as the linker became longer (Figure [6](#fig6){ref-type="fig"}A). This loss of current stimulation was concomitant with a loss in the ability of N5 to stimulate surface expression, providing further evidence that the increase in channel basal activity and surface expression effects are linked (Figure [6](#fig6){ref-type="fig"}B). Nevertheless, even with the longest tether tested (102 amino acid), the stimulating effect of N5 on Kir3.2 was still present. Immunoblot analysis confirmed that the long tethers did not cause changes in protein expression levels or altered stability due to proteolysis (Figure [6](#fig6){ref-type="fig"}C). Hence, the dependence of N5 activity on tether length suggests that even though N5 does not act as a G~βγ~ mimic, its ability to stimulate channel activity by affecting cell surface expression requires some degree of proximity to the channel.

![(A) Exemplar current--voltage plots recorded in oocytes injected with 3 ng of cRNA for the indicated constructs. Currents were evoked by a 1 s long step protocol from −110 to 40 mV, in 10 mV increments, from a holding potential of 0 mV in 90K. (B) Quantification of activity and surface expression of N5~mut~-Kir3.2-HA channels in the oocytes injected with 3 ng of cRNA for each construct. Surface expression was measured by labeling of the surface of the oocytes with an α-HA antibody. Data are mean ± SEM (*n* ≥ 6) normalized to N5-Kir3.2-HA. (C) Immunoblot analysis of total lysates from oocytes injected with 3 ng of cRNA for the indicated constructs.](cn-2014-000698_0007){#fig6}

N5 Is Able to Stimulate Channel Activity When Fused to the Kir3.2 C-Terminus {#sec2.5}
----------------------------------------------------------------------------

Because N5 was able to stimulate activity even when connected to the channel by a long tether to the channel N-terminus, we next asked whether N5 would stimulate Kir3.2 activity if it were linked to the channel by a completely different covalent linkage than used in the original identification. Attachment of N5 by a covalent linkage to the Kir3.2 C-terminal domain showed potent stimulation of both the macroscopic current (Figure [7](#fig7){ref-type="fig"}A--C) and the relative amount of surface expression (Figure [7](#fig7){ref-type="fig"}D) that were similar to those observed with the original N-terminal linkage. Notably, linking the N5 parent, pZ, to the Kir3.2 C-terminal domain had no effect on channel activity or surface expression (Figure [7](#fig7){ref-type="fig"}A--D), even though the protein expression level of the pZ C-terminal fusion was higher than fusions bearing N5 on either terminus (Figure [7](#fig7){ref-type="fig"}E). These data demonstrate that N5 is able to stimulate Kir3.2 activity and surface expression independent of whether it is attached to the N-terminal (Figure [1](#fig1){ref-type="fig"}D) or C-terminal end of Kir3.2 (Figure [7](#fig7){ref-type="fig"}A). These results contrast those reported for the psychostimulant sorting nexin SNX27, which inhibits Kir3 currents by binding a C-terminal PDZ-binding motif.^[@ref58],[@ref59]^ Hence, the N5 mechanism of action appears to be different from that suggested for natural regulators of Kir3 surface expression.

![(A) Exemplar two-electrode voltage clamp recordings from *Xenopus* oocytes injected with 3 ng of cRNA for HA-tagged Kir3.2 having N5 or pZ attached to the C-terminus (Kir3.2-HA-N5 and Kir3.2-HA-pZ, respectively). Currents were evoked by a 1 s long step protocol from −100 to 50 mV, in 10 mV increments from a holding potential of 0 mV in 90K. (B) Current--voltage plots recorded in 90K for Kir3.2-HA-pZ and for Kir3.2-HA-N5 with or without the addition of 5 mM BaCl~2~. (C) Quantification of activity and (D) surface expression of indicated Kir3.2-HA constructs measured in *Xenopus* oocytes injected with 3 ng of cRNA of each construct. Surface expression was measured by labeling of the surface of the oocytes with an anti-HA antibody. Data from at least two experiments were normalized to N5-Kir3.2-HA and shown as mean ± SEM (*n* = 8--25). (E) Immunoblot analysis of total lysates from oocytes injected with 3 ng of cRNA for the indicated constructs.](cn-2014-000698_0008){#fig7}

Discussion {#sec3}
==========

Development of selective and novel reagents that can be used to alter the function of a target protein of interest poses one of the major challenges of modern biological research. There is an especially acute need for such reagents with respect to ion channels. Even though this protein class comprises \>400 signaling proteins of paramount importance in the nervous system,^[@ref1],[@ref2]^ most lack any means for selectively altering their functions.^[@ref1],[@ref4]^ Ion channels have remained one of the most challenging targets for high throughput screening^[@ref1]^ with potassium channels being especially difficult.^[@ref6]^ A number of recent advances have aided in the prosecution of high-throughput small molecule screens against potassium channel targets, including development of a fluorescent dye that can detect thallium, an ion that permeates many potassium channels,^[@ref60]−[@ref63]^ and the use of a yeast-based potassium transport strain.^[@ref16],[@ref22],[@ref64],[@ref65]^ Nevertheless, there remains a need to expand the range of systems that can be used to develop new ion channel modulators.

Protein and peptide based reagents from venoms have long been central to the ion channel pharmacology tool kit.^[@ref8]−[@ref10]^ However, finding such entities from natural sources remains a challenge, as they come from resources that may only be available in small quantities from rare or difficult to handle organisms. In vitro protein evolution and selection approaches using methods such as phage display have contributed greatly to the development of new protein and peptide reagents that bind diverse targets.^[@ref11],[@ref12]^ However, such methods have largely been applied to soluble targets. Although purified channels have been used to evolve new toxins by phage display,^[@ref13]^ the availability of high quality target molecules remains a major impediment.

The relationship between current, the functional output of an ion channel, and channel activity relies on three parameters, *I* = *N*γPo: the number of channels (*N*), the single channel conductance (γ), and the open probability (Po).^[@ref3]^ Pairing the display of peptide and protein libraries with an assay that relies on functional changes in the target channel, rather than simply binding, offers a powerful way to discover entities that might perturb any or all of these parameters. Here, by exploiting a yeast-based genetic selection that has prior demonstrated utility to identify gain-of-function mutations in a variety of channels,^[@ref17]−[@ref20],[@ref23],[@ref24],[@ref31]^ we are able to show that it is possible to use tethered peptide and protein display to identify a channel modulator. This tethered activator, N5, is a folded protein based on surface remodeling of the pZ helical bundle scaffold. A variety of lines of evidence demonstrate that rather than affect the core biophysical parameters of the channel, as had previously characterized GOF mutants selected using this system,^[@ref17]−[@ref20],[@ref23],[@ref24],[@ref30],[@ref31]^ N5 perturbs *N*, the number of channels at the plasma membrane. N5 has this effect by reducing Kir3.2 clearance from the cellular surface (Figure [2](#fig2){ref-type="fig"}E). The ability of N5 to perturb Kir3.2 trafficking requires a folded structure, a set of amino acid changes in a region corresponding to Helix 2 of the parent scaffold, and on its tethering to the N-terminal cytoplasmic domain of the channel.

Basal activity of Kir3 channels (*I*~basal~) is thought to be important for the physiological function of the channel in neurons^[@ref27],[@ref66]^ and sinoatrial cells,^[@ref67]^ yet the origins of this activity remain a point of contention. Initial studies in *Xenopus* oocytes showed that increased amounts of channel expression augmented *I*~basal~ and reduced GPCR induced currents.^[@ref50]^ Later studies suggested that most of the basal activity was dependent on G~βγ~;^[@ref68]^ however, recent studies in atrial myocytes indicate that Kir3 basal currents do not require G-proteins and are agonist independent.^[@ref69]^ No molecular mechanism has been identified to explain Kir3.*x* basal activity at high channel densities. Our studies of the action of the N5 modulator suggest that the increase of Kir3.2 density in the plasma membrane is sufficient to increase G~βγ~-independent Kir3.2 basal currents. This idea is corroborated by the observation that N5 also increases Kir3.2 activity in yeast, which have a G~βγ~ that inhibits rather than activates Kir3 currents.^[@ref70]^ The effects appear to be selective to Kir3.2, as we found no comparable stimulation of activity when N5 was attached to the related inward rectifier Kir3.1 or to other more distantly related members of the VGIC superfamily.

The exact molecular mechanism of N5 action requires further study. Kir3 channel trafficking is regulated by a number of motifs in the intracellular domains, such as the PDZ-binding motif in the C-tail, which is required for normal trafficking via binding to the sorting nexin SNX27.^[@ref58],[@ref59]^ It is possible that N5 interferes with the normal mode of Kir3-SNX27 interaction and modulation to affect the amount of channel on the surface. However, the fact that N5 is equally potent when tagged to either cytoplasmic tail of N5 suggests that it does not act via simply shielding the PDZ-binding domain in the C-terminus, and hence, the N5 mechanism of action appears to be different from that suggested for natural regulators of Kir3 surface expression.

Complementation of potassium transport deficiency in both yeast and bacterial systems has been used to study a diverse set of potassium channels including inward rectifiers,^[@ref15],[@ref18]−[@ref21],[@ref23],[@ref64],[@ref65],[@ref71]−[@ref73]^ viral potassium channels,^[@ref24],[@ref74],[@ref75]^ and the K~2P~ channel K~2P~2.1 (TREK-1).^[@ref17]^ The results from our search for a protein-based Kir3.2 activator demonstrate that this general potassium transport rescue framework can be used to develop protein-based ion channel activators. Given the diverse types of potassium channels that function in such genetic selection systems, it should be possible to apply similar strategies to other channel classes to select for molecules that increase channel activity and permit yeast survival or perhaps inhibit channel function and thereby create novel channel modulators. Because potassium homeostasis is a key component of cellular physiology and decreased potassium channel activity is linked to a growing number of channelopathies,^[@ref76]−[@ref78]^ the ability to rescue potassium channel activity could offer a means for restoring function. Moreover, the ability to express particular channel target robustly in the yeast system should enable the development of small molecule screens against difficult to express targets.

Methods {#sec4}
=======

Molecular Biology {#sec4.1}
-----------------

Mouse Kir3.2 (U11859)^[@ref25]^ was cloned into pYES2-MET25 (2 μ, *URA3*)^[@ref18]^ or pGEMHE/pMO^[@ref20]^ for expression in yeast or for cRNA synthesis, respectively. mAChR was cloned into pGEMHE/pMO. For protein purification, pZ and N5 were cloned into pET28HMT vector (Novagen) as His(x6)-MBP-TEV-pZ(N5) fusions. Cloning was performed using standard molecular biology procedures and verified by sequencing.

Library Construction {#sec4.2}
--------------------

Libraries were assembled from synthetic oligonucleotides in which the randomized positions were encoded by the codon NN(G/T) in which N is an equal proportion of each of the four bases. This combination covers all amino acids, eliminates two of the three stop codons, and reduces the truncation frequency in the libraries and assembled by PCR. Design of the pZ surface library followed Nord and co-workers.^[@ref41]−[@ref44]^ A synthetic gene for protein A having randomized codons (NNG/T) at 13 positions (residues 11, 12, 13, 15, 16, 20, 26, 27, 29, 30, 34, 37) was assembled from synthetic oligonucelotides. All libraries were cloned along with a 13-residue linker (AAAGGSGGSGGSG) as a fusion to Kir3.2.

Yeast Screen {#sec4.3}
------------

*Saccharomyces cerevisiae* strain SGY1528 (W303, MATα, *ade2-1*, *canl-100*, *his3--11*,*15*, *leu2-3*,*112*, *trp1-1*, *ura3-1*, *trkl*::*HIS3*, *trk2*::*TRP1*)^[@ref15]^ was transformed with each of the mutant libraries, selected on synthetic medium without uracil and methionine (-Ura-Met) containing 100 mM KCl and transferred by replica plating onto -Ura-Met with 1.0 mM KCl. Positive colonies were grown in liquid -Ura-Met medium with 100 mM KCl; plasmids were isolated, retested, and sequenced. For detailed media compositions, see ref ([@ref16]). The N5 clone was identified from the pZsurface-Kir3.2 library in which ∼48 668 independent transformants were screened.

Electrophysiology {#sec4.4}
-----------------

Two-electrode voltage clamp recordings were performed from defolliculated stage V--VI *Xenopus* oocytes 24--72 h after injection, using microelectrodes (0.3--3.0 MΩ) filled with 3 M KCl. Data was acquired using the GeneClamp 500B amplifier controlled by the pClamp software, and digitized at 1 kHz using Digidata 1332A (all from Molecular Devices). Kir3.2, N5-Kir3.2, and N5-Kir3.2 mutant recordings were performed in 90K (90 KCl, 8 NaCl, 1.8 CaCl~2~, 2 MgCl~2~, 5 mM HEPES/KOH, pH 7.4). Currents were evoked by a 1 s long step protocol from −110 to 40 mV, in 10 mV increments, from a holding potential of 0 mV. To obtain a baseline background current, measurements were made using the same recording solution supplemented with 5 mM BaCl~2~. For "Index of activation" experiments, cells were held at −80 mV and perfused sequentially with 90K, 90K supplemented with 3 μM carbachol, 90K, and 90K + 5 mM BaCl~2~, for periods of 30 s each. "Index of activation" was calculated as (*C* -- *B*)/(*R* -- *B*), where *C* = the maximal carbachol evoked current, *R* = the maximal 90K current amplitude, and *B* = the residual leak current in 90K + 5 mM BaCl~2~. Kv7.2 recordings were performed in ND96 (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl~2~, 2.0 mM MgCl~2~, 10 mM HEPES/NaOH, pH 7.4). Currents were evoked by a 2.5 s long step protocol from −110 to 40 mV, in 10 mV increments, from a holding potential of −80 mV. TRPM8 recordings were performed in 120Cs (120 mM CsCl, 2 mM MgCl2, 1 mM EGTA, 10 mM HEPES/CsOH, pH 7.4, supplemented with 250 μM menthol). Currents were evoked by a 1 s long ramp from −150 to +50 mV from a holding potential of −80 mV.

Protein Purification {#sec4.5}
--------------------

Proteins were expressed in *E. coli* Rosetta(DE3)pLysS in 2xYT media at 37 °C. After cell lysis in buffer A (150 mM KCl, 10% sucrose, 1 mM EDTA, 5 mM MgSO~4~, 100 mM Tris, pH 8.0 supplemented with antiproteases and DNase I), lysates were loaded onto a metal affinity column (Poros 20 MC, Applied Biosystems), washed with Buffer B (250 mM KCl, 10 mM phosphate, pH 7.4), and eluted with buffer C (buffer B supplemented with additional 500 mM KCl, 500 mM imidazole and 4 mM β-mercaptoethanol). Protein eluate was concentrated by centrifugation (Amicon, MWCO 30 kDa) to 1 mL and restored in 14 mL of buffer B. The concentration step was repeated two more times, and protein was restored in 50 mL buffer A supplemented with 4 mM β-mercaptoethanol and subjected to overnight cleavage with TEV protease at room temperature. The reaction was cleared by centrifugation for 10 min at 4000*g* and loaded onto the Poros 20 MC column. Protein was eluted by buffer C supplemented with 50 mM imidazole, concentrated by centrifugation (MWCO 5,000 kDa) to 600 μL, and purified to homogeneity by size-exclusion chromatography (Superdex 75) in 150 mM KCl, 4 mM β-mercaptoethanol, 10 mM K-phosphate, pH 7.4.

Circular Dichroism Spectroscopy {#sec4.6}
-------------------------------

CD spectra were recorded on the Aviv 215 circular dichroism spectrometer using a 1 mm path length quartz cell at 4 °C in 150 mM KCl, 4 mM β-mercaptoethanol, 10 mM phosphate, pH 7.4. Thermal melts were recorded from 4 to 90 °C at 222 nm. Melting temperature was determined as the inflection point of first derivative of the data.

Immunoblotting {#sec4.7}
--------------

Oocytes were lyzed by repetitive pipetting in a cold buffer of 150 mM NaCl, 1.06 mM KH~2~PO~4~, 2.07 mM Na~2~HPO~4~, 1% Triton X100, pH 7.4 supplemented with antiproteases for 30 min on ice, and clarified by centrifugation for 15 min at 20 000*g*. Lysates were treated for 30 min at 50 °C with a sample buffer containing 2% SDS and 2% β-mercaptoethanol, and analyzed by immunoblotting with the HA7 anti-HA mouse monoclonal IgG1 antibodies (Sigma).

Surface Expression {#sec4.8}
------------------

A hemagluttinin tag (Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala) was inserted between Kir3.2 residues I126 and E127 and was flanked with Ser-Gly spacers (Ile~126~-Ser-Gly-(HA)-Gly-Ser-Glu~127~) to detect channels at the plasma membrane. The surface chemiluminescence assay was done according to ref ([@ref52]) as follows: 10--12 *Xenopus* oocytes expressing Kir3.2 with an HA tag inserted in the extracellular P1 loop were incubated in 24-well plates in cold ND96 solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl~2~, 2.0 mM MgCl~2~, 10 mM HEPES/NaOH, pH 7.4) containing 1% bovine serum albumin (ND96/BSA, 2 mL/well) for 30 min on ice, followed by a 30 min incubation with anti-HA antibody (HA7 from Sigma, 1:1000). Oocytes were washed in 5 wells with cold ND96/BSA and then incubated with horseradish peroxidase conjugated goat anti-mouse IgG (Thermo, 1:1000) for 30 min on ice. Following an extensive wash (5 wells with ND96/BSA followed by 7 wells with ND96), each oocyte was placed in a 1.5 mL tube containing 50 μL of the chemiluminescent substrate (ELISA Femto, Thermo). Chemiluminescence was measured immediately for 30 s, using the 20/20 Luminometer (Thermo).

Supplementary Figures S1--S3, supplementary methods, and supplementary references. This material is available free of charge via the Internet at <http://pubs.acs.org>
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